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The objective of this study was to evaluate the effects of dietary lysine on plasma
concentrations of amino acid (AAs) and other metabolites of finishing pigs. Eighteen
crossbred late-stage finishing pigs (9 barrows and 9 gilts) were assigned to three dietary
treatments, Diets I (lysine-deficient), II (lysine-adequate), and III (lysine-excess),
according to a randomized complete block design with gender as block. After 4 weeks on
trial, jugular vein blood was collected and centrifuged for plasma samples, which were
analyzed for concentrations of 24 AAs using HPLC method and 6 selected metabolites
related to major nutrient metabolism using ACE Alera Clinical Chemistry System.
Dietary lysine had a significant effect on plasma concentrations of 13 AAs and 3
metabolites (albumin, cholesterol, and urea nitrogen). The patterns of AA and metabolite
concentrations alteration indicated complex metabolic interactions between lysine and
other AAs, which subsequently had effects on other metabolites and animal growth
performance.
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CHAPTER I
INTRODUCTION: A LITERATURE REVIEW

Introduction
Pork, the most consumed meat in the world, is one of the most economical
sources of animal proteins for human consumption. Pigs grow fast, offer more meat per
breeding female and, therefore, are more prolific than other livestock species
(Adesehinwa et al., 2010). The goal of swine production is to convert feedstuffs into pork
with good quality food proteins for human consumption. The predominant component of
pork is skeletal muscle (interchangeably called muscle in this review), and in modern
days, the efficiency of pork production is measured by the efficiency of lean gain (i.e.,
muscle gain) instead of whole body weight gain. Thus, knowledge about growth and
development of muscle of pigs is fundamentally important from either economic or
technical standpoint.
Besides water, which constitutes approximately 75% of the total muscle mass, the
principal chemical component of muscle is protein that constitutes approximately 74% of
the muscle dry matter, whereas all the other compositions, including lipids, non-protein
nitrogenous substances, carbohydrates and minerals, only constitute approximately 26%
of dry matter (Aberle et al., 2001). Protein molecules are polymers of amino acid (AA)
residues linearly connected by peptide bonds. Although there are more than 500 naturally
occurring AAs (Wagner and Musso, 1983), only about 20 of them are commonly found
1

in plant and animal proteins, and these 20 AAs, called proteinogenic AAs, are glycine,
alanine, valine, leucine, isoleucine, serine, threonine, cysteine, methionine, aspartic acid,
asparagine, glutamic acid, glutamine, arginine, lysine, histidine, phenylalanine, tyrosine,
tryptophan, and proline (Lewis, 2001; NRC, 2012).
Animal muscle mass is a dynamic tissue. Different from protein molecules in
secreted milk or laid eggs, protein molecules in muscle mass constantly go through one
of the normal life processes, which is protein turnover process − old or damaged proteins
are degraded and new proteins are de novo synthesized. This process continues
throughout life even when animal growth is zero or negative (Reeds et al., 1980). Besides
muscle tissue, other tissues or organs in the body also has protein turnover process at its
own rates (Waterlow, 1995).
Constant muscle protein turnover requires constant supply and removal of free
AAs through extracellular and intracellular fluids, and connected to these fluids is blood
circulation which is responsible for AA transportation and distribution within the animal
body. In order for animal muscle mass to increase quickly, the muscle protein
biosynthesis rate must be much greater than the rate of protein degradation, which
requires not only a maximal amount of free AA supply (within the physiological range)
but also optimal ratios among the free AAs at the site. If one required AA is unavailable,
the whole protein biosynthesis will be halted, and this halt will consequently lead to
muscle protein degradation because the degradation process can release free AA for other
more important organs (such as brain and liver) to use (Waterlow, 1969; Gustafson et al.,
1986).
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In order to sustain animal body functions and growth, it is crucial to constantly
provide swine muscle cells with free AAs in the proper amounts and at the proper ratios
through blood circulation. The ultimate source of free AAs for blood plasma comes from
daily dietary protein and AA supply therefore, a thorough understanding of the
relationship between plasma AA profile and dietary AA supply is of ultimate importance
for the swine nutritional management practices, such as diet formulation. This review is
written to summarize our current knowledge in this regard.
The pivotal role of plasma free amino acid profile
Besides the aforementioned muscle cells, virtually all other living cells within an
animal body involve protein turnover process. For this process to proceed, the
intracellular fluids need to receive and remove free AAs via extracellular fluids and blood
circulation according to the metabolic status of cells. Free AAs in blood plasma with
different concentrations (i.e., the AA profile) play pivotal roles during the protein
turnover process (Abumrad and Miller, 1983) because these free AAs are intermediates
of whole body protein metabolism and turnover, and function like circulating currency
for the process.
Blood transports all products of protein digestion and absorption which are
peptides and free AAs, to other tissues in the body. Comparing the current plasma AA
concentrations (after feed intake) with reference plasma AA concentrations (at starvation)
can give important information about bioavailability of AAs from the diet. This type of
assay has been used for determining the limiting AA in poultry and swine diets and to
determine AA requirements of these animals (McLaughlan and Illman, 1967; FernandezFigares et al., 1997). The profile of the bioavailable or digestible essential AAs that enter
3

the small intestine is the most important single factor that affects the efficiency of dietary
protein utilization.
In many circumstances, cellular uptake and further metabolism of small peptides
and free AAs depend the plasma concentrations of free AAs (Abumrad and Miller, 1983;
Cynober, 2002). If the required free AAs are readily received from blood plasma, after
entry into a cell these AAs will rapidly join one another by peptide bonds to form
proteins or peptides under the direction of corresponding cellular mRNAs. Therefore,
concentrations of intracellular free AAs usually remain small. Each particular type of
cell has an upper limit with regard to the amount of proteins it needs or it can store. After
the cell has reached its upper limits, the excess AAs in the cell will be metabolized into
other metabolic products, or they will be used as an energy source or be converted to
glycogen or lipids and stored in the tissue cells (Guyton et al., 2006).
At the same time as protein biosynthesis, many of the old or damaged proteins are
catabolized within a muscle cell and returned to plasma almost as rapidly as the speed of
protein synthesis, so there is a constant interchange or equilibrium between plasma AAs
and labile proteins in almost all living cells (Guyton et al., 2006). For instance, if a
particular tissue requires more proteins, new proteins will be synthesized quickly using
plasma free AAs, and then plasma AAs can be replenished via degradation of other
proteins from the same type of cell, or from other tissue cells such as liver cells (Guyton
et al., 2006), or from dietary AA supply.
For proper life processes and animal health, there is a need for a homeostatic
plasma AA profile. Whenever plasma AA concentrations fall below the homeostatic
concentrations and no more or very little free AAs come from diet, more cellular proteins
4

will be catabolized and AAs are released and transported out of cells to replenish the
plasma supply. In this way, the plasma AA profile is maintained at a reasonably constant
or homeostatic state. An animal in a physiologically healthy status and with a normal AA
profile does not necessarily mean this animal is growing at an optimal or maximal rate.
There must be some discrepancy between normal plasma AA profile for health and
optimal plasma AA profile for muscle growth.
Factors affecting the plasma free amino acid profile of pigs
In general, the plasma free AA profile of pigs is affected by the appearance rate
(Ra) of different free AAs to blood and by their disappearance rates (Rd) from blood at
any given time. While the factors controlling Rd include (1) the rate of AA withdrawal
from plasma by cells for syntheses of proteins, peptides, and non-peptide substances, (2)
the rates of plasma free AA degradation, and (3) AA losses via urine, feces, saliva, etc.,
those controlling Ra include endogenous and exogenous sources (Cynober, 2002; Shikata
et al., 2007). The endogenous source are referred to those AAs obtained from inside the
body, whereas exogenous sources of AAs are referred to as those coming from outside
the body. Endogenous AAs mainly include those that come from cellular proteolysis and
de novo AA syntheses. In pigs, some endogenous proteins are secreted into the intestinal
lumen before degradation into free AAs (Nyachoti et al., 1997), therefore most of the
AAs associated with those proteins are lost in feces. At a given time, pigs can recycle its
own AAs, and in some physiological situations, up to two-thirds of the total AAs needed
for the whole body may be obtained from endogenous sources. For pig muscle growth,
exogenous AAs should always be provided to maintain plasma AA homeostasis and
animal growth.
5

Exogenous source of AAs come from the dietary supply through the mouth and
gastrointestinal tract (Cynober, 2002; Shikata et al., 2007), and this dietary source can be
provided in a form of proteins, peptides, and/or free AAs. The form of proteins is the
primary source of exogenous AAs. The end products of gastrointestinal digestion of
dietary proteins and peptides include small oligopeptides (di- and tri-peptides) and free
AAs, which can be actively absorbed into blood stream via many facilitated system
transporters anchored in the apical and basolateral membranes of the small intestinal
epithelial cells (Matthews, 2000). In addition, any endogenous proteins and peptides
secreted into the gastrointestinal lumen are also subject to similar digestion and
absorption processes as for exogenous dietary proteins and peptides (Bergen and Wu.
2009). Any factors that affect the activity of digestive enzymes (such as proteolytic
enzymes; Guyton and Hall, 2006) and transport systems (Yen et al., 2004) will affect the
rates and quantities of free AAs fluxing into the blood stream.
Besides the gastrointestinal tract, other internal organs, such as liver, kidney, and
muscle, also affect the plasma AA profile through inter-organ AA metabolism. Liver is
the only organ that has an enzymatic armamentarium to metabolize almost all AAs, and
plays a central role in determining plasma concentrations of AAs, except for branchedchain AAs (leucine, isoleucine, and valine) because its capacity to metabolize branched
chain AAs is limited (Brosnan, 2003). Liver is the major organ responsible not only for
synthesis and storage of large quantity of rapidly exchangeable proteins, but also for AA
catabolism and disposal via urea cycle. When the liver is injured or diseased, total plasma
AA concentration will be increased (Yuan et al., 2009). In addition to AA catabolism, the
liver also has ability to synthesize certain AAs and some important compounds from
6

plasma AAs when needed. For instance, so-called nonessential AAs can all be
synthesized in liver. Plasma proteins have many physiological functions, including
transport of lipids, hormones, vitamins, and metals in the circulatory system and
regulation of acellular activities. Other blood proteins act as enzymes, antibodies,
complement components, protease inhibitors or kinin precursors. Nearly all plasma
proteins are formed from free AAs by hepatic cells in the liver (Guyton and Hall, 2006).
Kidney also plays a major role in the homeostatic regulation of plasma AAs,
which is achieved through filtration, reabsorption, synthesis, degradation, and urinary
excretion of free AAs and peptides (Frame, 1958; Garibotto et al., 2010). In case of renal
failure, nearly all plasma or tissue AA concentrations are within roughly 60% and 150%
of the normal range of concentrations, with the exception of citrulline, cysteine, and
methylhistidines, which are primarily metabolic end products (Kuhlmann and Kopple,
1990). Detailed description about renal handling of individual AAs can be found in the
excellent review paper authored by Kuhlmann and Kopple (1990).
Skeletal muscle has a very important role in regulating plasma AA profile, since it
is the largest single tissue in the body that comprises up to 40% of body mass, contains a
paramount portion of body proteins, and has constant protein turnover (Goldberg and
Chang, 1978). Certainly, skeletal muscle takes up more free AAs from plasma for its own
protein synthesis when it is in an anabolic status, and releases more AAs to plasma when
in a catabolic status. Although skeletal muscle does not catabolize most AAs such as
lysine, serine, proline, threonine, methionine, cysteine, phenylalanine, histidine, tyrosine,
and tryptophan, it is the primary tissue for catabolism of branched-chain AAs in
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mammals, and it is also very active in synthesis of others, specifically alanine and
glutamine (Goldberg and Chang, 1978).
In short, although the plasma AA profile of swine is influenced by various
aforementioned factors in combination, it is predominantly affected by exogenous dietary
supply of AAs via the gastrointestinal tract (Windels et al., 1971; Davey et al., 1973;
Braude et al., 1974).
Relationship between plasma and dietary amino acid concentrations
Plasma AA concentrations are often measured to gain insight into the state of
whole-body AA metabolism in response to AA ingestion, not only because of the pivotal
metabolic roles of free AAs but also because of blood accessibility (Johnson and
Anderson, 1982). Relationships between plasma AA profile and various aspects of AA
nutrition can give a comprehensive idea of the availability of individual AAs, the
deficient, the limiting, or the excess order of them in various dietary protein sources
(Typpo et al., 1970), the pattern of AA absorption from intestine, and the AA imbalance
phenomena. One could use plasma or serum AA profile as an indicator for the whole
body protein nutritional status (Stockland et al., 1971; Gustafson et al., 1986).
For increasing the rate of muscle protein biosynthesis of pigs, the knowledge of
free AA profile in blood plasma has more direct implication than the knowledge of AA
profile in a diet, because plasma free AAs are the immediate or direct source of AAs for
utilization by muscle. Nevertheless, diet formulators are not always too concerned about
availability of AAs from the diet to blood plasma and finally into body proteins.
Plasma AAs of pigs are not only affected by the exogenous source but also
affected by the endogenous source of AAs. Because the endogenous source originally
8

come from the diet and pigs cannot readily utilize AAs resulted from the intestinal
microbial fermentation, it can be stated that pigs solely depend on the dietary source for
their AA supply. Although the influence of dietary AAs on plasma AA profile is not easy
to understand (Stockland et al., 1971), numerous studies have been conducted in the past
to determine the relationship between plasma AA concentrations and dietary AA supply
(Johnson and Anderson, 1982; Roy et al., 2000; Figueroa et al., 2003). Although different
researchers tried different sources and compositions of dietary AAs to study patterns of
AA concentrations in blood plasma, results were not consistent.
As mentioned above, the plasma AA profile is predominantly affected by the
dietary supply, so there might be some kind of pattern or relationship between plasma
and dietary AA concentrations (Gustafson et al., 1986), although plasma AA
concentrations do not always parallel the dietary AA concentrations (Adibi and Mercer,
1973; Braude et al., 1974).
Dietary change in crude protein amount
The plasma free AA profile generally reflects the AA provision from a diet, which
means plasma AA concentrations increase after a protein meal (Frame, 1958) and
decrease after animals are deprived of dietary proteins, with a pattern for individual AAs
related to that in dietary proteins (McLaughlan, 1963; Munro, 1964). Amino acids that
are not limiting in a diet (as compared to the animal requirements) tend to increase in
plasma with increasing amounts of dietary protein. However, increases in plasma AA
concentrations is of less magnitude or nil for those AAs which are associated with a
substantial increases in the rate of body weight gain (Windels et al., 1971).
9

Increase in plasma concentrations of some AAs (e.g., leucine and glycine) may be
an indicator of an inadequate intake of dietary proteins, resulting with increased
degradation of intracellular proteins, rather than an excessive intake of dietary protein
that is abundant in these AAs. On the other hand, intake of excessive dietary protein
actually causes a decrease in the plasma concentrations of some AAs (e.g., threonine).
This phenomenon has been referred to as “dietary protein paradox”. This complexity is
supported by Frame (1958), who found that increase in plasma AA concentrations after a
protein meal did not parallel the relative AA composition of the food, but they failed to
correctly postulate the theory behind it.
In humans, Adibi and Mercer (1973) found that total concentrations of free AAs
in plasma increased after a protein rich meal. In contrast, a protein free meal failed to
elevate concentrations of all individual free AAs. In addition, they also observed a rough
relationship between the magnitude of increases in plasma AA concentrations and the
amounts of AAs in dietary proteins. Although they failed to establish a precise
relationship because of the complexity of transport and metabolic steps interposed in the
process of AA movement from the intestine into the periphery, the AAs that were the
most and least abundant in dietary protein exhibited the greatest and smallest rises in
plasma, respectively. Serum AA concentrations were measured in rats fed graded amount
of dietary casein by Gustafson et al. (1986). In general, the serum essential AAs
increased, while the non-essential AAs decreased, with the increasing dietary casein
concentration.
In swine, Davey et al. (1973) performed a study to determine the influence of
dietary protein amount, animal age, and time of sampling on plasma concentrations of
10

essential AAs. Their results showed that concentrations of valine, isoleucine, and leucine
were greater in plasma from pigs fed 20% protein diet compared to pigs fed 13% protein
diet, while the reverse was found for threonine. No differences were found for
methionine, phenylalanine, lysine, histidine, arginine or total AAs. Fuller et al. (1987)
reported that blood leucine concentration of growing pigs was greater with the increasedprotein diet than with the decreased-protein diet, and lysine supplementation reduced
blood leucine concentration for both diets. Blood concentrations of other AAs were not
studied.
Dietary change in multiple AA amounts
Generally, change in plasma AA concentrations of an animal after a protein diet
follows a simple rule, that is concentrations of plasma AAs increase after dietary intake
and amounts of increase are proportional to the amounts of respective AAs in the diet
(Johnson and Anderson, 1982). For example, for some AA such as leucine, isoleucine or
valine, there usually is a linear relationship between dietary supply and plasma
concentration. Reduction in the concentrations of glutamine, arginine and proline in the
plasma of neonatal pigs is an indication of less intake from diet (Johnson and Anderson,
1982).
However, these simple correlations are not always true, and plasma
concentrations of most AAs are not linearly related to or parallel their dietary intake. The
relationship between plasma and dietary AA concentrations could be affected by
interactions or antagonism between structurally related AAs competing for intestinal
absorption, because similar AAs utilize the same transporters (Harper et al., 1970).
Complex interactions among AAs can not only alter the expected release of AAs from
11

diet into blood stream, but it is also possible that excess of one AA may act as
competitive antagonist, reducing the utilization of other structurally similar AAs.
One classical example of AA interactions is arginine-lysine antagonism. Lysine is
the first-limiting AA for most swine diets while arginine is present in excess amount.
This leads to a possibility that excess arginine interferes with lysine absorption, and as
such, adversely affect pig performance. Research with chicks (Jones, 1964; Boorman and
Fisher, 1966; Jones et al., 1967; D'Mello and Lewis, 1970) demonstrated that excess
lysine had an adverse effect on arginine utilization, and increased chicken requirement
for arginine. Yun et al. (1991) fed three different amounts of dietary lysine, 0.6%, 1.2%
and 1.8%, to broilers. Serum concentration of arginine decreased with greater inclusion
of dietary lysine. This finding supported findings previously reported by Dean and Scott
(1966).
In an experiment with young pigs, excess dietary lysine alone increased plasma
lysine and histidine concentrations, without altering concentration of other AAs. When
dietary lysine and arginine were added in combination, plasma arginine and histidine
decreased relative to dietary lysine addition alone, which proved the significant argininelysine interaction (Southern et al., 1982). Hagemeier et al. (1983) conducted two
experiments with weaned pigs to study the effects of excess arginine on plasma AA
concentrations and growth performance, and found that plasma lysine concentration was
reduced by excess arginine in pigs fed a greater amount (1.26%) of dietary lysine, but not
in pigs fed a decreased amount (1.03%) of lysine. While plasma concentrations of other
essential AAs were not affected, plasma concentrations of threonine and methionine were
reduced by excess dietary arginine during both experiments. Another study conducted by
12

Anderson et al. (1984), however, showed that adverse effects of excess arginine on
nitrogen utilization by young pigs was not alleviated by crystalline lysine
supplementation, although plasma lysine concentration was reduced by adding dietary
arginine and increased by adding dietary lysine.
Another classical example of AA interactions is the interaction among three
branched-chain AAs (Taylor et al., 1984; Wiltafsky et al., 2010), and this interaction
could further affect lysine absorption (Garcia-Villalobos et al., 2012) and methionine
metabolism (Langer and Fuller, 2000). Garcia-Villalobos et al. (2012) tried to explain
some complexity in absorption and serum concentrations of AAs, especially lysine and
branched chain ones. They assumed that typical swine diets formulated to meet
requirement of lysine contain excess leucine, which may depress absorption of lysine
causing decrease in performance of pigs. The principle behind this was that both amounts
and sources of lysine and leucine in practical diets affect the expression of cationic AA
transporters and availability of AAs for animals. They hypothesized that reducing dietary
protein content, coupled with adequate supplementation of crystalline lysine, threonine,
and methionine may correct leucine excess. In the study, serum concentrations of lysine
and threonine were about 24 and 4 fold greater for pigs fed the supplemental diet (with
less CP and supplemented with crystalline lysine, threonine, methionine) than for pigs fed
the basal diet, respectively. This result indicated that the dietary lysine:leucine ratio
affects the expression of cationic AA transporters and, therefore, affects serum AA
profile.
Edmonds and Baker (1987), however, found evidence against lysine-arginine
antagonism in pigs. Addition of graded amounts of lysine to the basal diet resulted in a
13

quadratic elevation in plasma lysine and its metabolite, α-aminoadipic acid. Plasma
arginine, ornithine and histidine remained essentially unchanged in pigs fed excess
lysine. Thus, there was little evidence for the dietary lysine-arginine antagonism. Also,
Henry et al. in 1992 observed that arginine content increased with supplementary lysine.
This may be because of greater expression of cationic transporter CAT-1 (GarciaVillalobos et al., 2012).
Dietary change in single AA amount
When a protein source is deficient for one AA, an increase of amount of that AA
in diet does not always increase plasma concentration of that AA. Morrison et al. (1961)
with rats, Zimmerman and Scott (1965) with chicks, and Mitchell et al. (1968) with pigs
presented evidences that when an AA is added in graded amounts to a diet deficient in
one AA, plasma concentration of that AA remains rather decreased and constant until the
dietary requirement is reached. A rapid and approximately linear increase in plasma
concentration of one AA can only be achieved when a greater or super-optimal amount of
that AA is fed.
Lysine is usually the most deficient AA in typical cereal based diets for rats,
chicks, and swine. Dietary lysine alone can alter the overall plasma AA profile (Morrison
et al., 1961; Yun et al., 1991), which can have a series of interconnected consequences
for animal health and productivity. Morrison et al. (1961) measured plasma free lysine
concentrations of growing female rats after feeding lysine-deficient diets, supplemented
with graded amounts of lysine. The plasma free lysine concentrations, after an initial lag,
rose rapidly in response to added dietary lysine, and reached a maximum with a dietary
lysine concentration of approximately 1.0%. Plasma free threonine concentration showed
14

a reciprocal relationship with lysine. It was concluded that the alleviated concentration of
plasma threonine during greater lysine supply was due to increased demand of threonine
for protein synthesis during lysine adequacy. The lysine:threonine ratios for 3 different
treatments which are lysine deficient diet, lysine adequate diet and lysine surplus diet,
was found to be less than 1, around 1 and more than 1 respectively. Thus, measurement
of the ratio between plasma free lysine and threonine concentrations may provide a
sensitive indication of the adequacy of dietary lysine.
Zimmerman and Scott (1965) reported that dietary lysine deficiency resulted in
increased plasma concentration of several AAs, notably, threonine, histidine, tyrosine,
phenylalanine, leucine and isoleucine in chicks. Plasma lysine started to accumulate at a
rapid rate only when the amount of dietary lysine was approximately 10% in excess of
that required to maximize weight gain. This was probably because of the inability of the
body to further metabolize excess lysine. The plasma pattern for arginine and valine
reflected the same basic characteristics as observed for lysine.
In the experiment of Dean and Scott (1966), diets containing suboptimal amounts
of lysine resulted in a marked decrease of lysine and increases of most other AAs in
chicken plasma. A dietary excess of lysine resulted in a striking increase in plasma lysine
and relatively small changes in other AAs. However, arginine, glutamic acid, and a
mixture of glutamine and asparagine appeared to be decreased as a result of lysine
excess. Similar results were also obtained by Mitchell et al. (1968) from baby pigs, in
which the plasma free lysine started to increase greatly at dietary lysine concentration, at
which nitrogen retention was the greatest.
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Also, in an experiment, Corzo et al. (2003) fed different amounts of lysine to male
broilers and found that increasing dietary lysine amounts increased plasma concentration
of lysine but almost all other AA tended to remain at a constant concentration in plasma
except arginine and threonine, which were found to be decreased with increased dietary
lysine. More recently, Mahdavi et al. (2012) demonstrated a directly proportional
relationship between dietary lysine supply and plasma lysine concentration in broilers.
Braude et al. (1974) studied growing pigs fed diets based on cereals and
groundnut meal and supplemented with graded amounts of lysine. They found that the
concentration of plasma lysine increased linearly over a wide range of lysine contents,
but concentrations of most other AAs were largely unaffected, except for arginine and
leucine. Plasma concentration of arginine and leucine were also positively correlated with
dietary lysine content. Roy et al. (2000) studied plasma AA profiles of growing barrows,
fed a diet deficient, adequate or excess in lysine, and found that plasma lysine
concentration linearly increased as dietary lysine amount increased while, in contrast, the
plasma concentrations of isoleucine, taurine, threonine, and valine linearly decreased. In
pigs fed either a deficient or an excess lysine diet, the plasma concentration of histidine
decreased, but that of serine increased. The plasma concentrations of all other AAs were
unaffected. This finding supported the result of Zimmerman and Scott (1965) and
indicated a distinct pattern of AA concentration change in plasma because of dietary
lysine.
More recently, Zeng et al. (2013) studied serum concentrations of various AAs of
growing pigs fed three different diets with 0.65%, 0.95% and 1.25% lysine. It was
observed that serum lysine concentration was greater for pigs fed 0.95% than 1.25%
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lysine; meanwhile glutamic acid concentration was greater for pigs fed 0.95% than 0.65%
lysine. In contrast, serine concentration was less for 0.65% lysine diet than for other diets,
and threonine concentration was less for the 0.95% than for 0.65% lysine diet. The 1.25%
lysine group exhibited a decreased tyrosine concentration compared to the other two
groups. The concentrations of most other AAs were less for 0.95% lysine group than for
other groups, with the exception of alanine, aspartic acid, histidine, and leucine.
Similar type of plasma AA pattern was observed by Morales et al. (2014) who fed
two different amounts of lysine (lysine deficient and lysine adequate) to growing pigs.
They observed the effect of different amounts of dietary lysine on plasma AA
concentrations and found serum lysine to be greater and serum valine to be less for pigs
fed lysine adequate diet. Why concentrations of some AAs, but not others, are affected by
a lysine deficiency or excess could be attributed to multiple factors. Theoretically, when
one AA is deficient in a diet, the metabolic demand for this AA would be greater relative
to the dietary quantity furnished. Thus, this AA would be in a rather decreased and
constant concentration in plasma until the dietary requirement is met. While gradually
increasing the amount of this AA, a stage will come when plasma concentration of this
AA starts to increase and that of other AAs decreases (due to the increased rate of protein
synthesis). This amount of dietary supply should be considered as the optimum dietary
amount of this AA. In principle, every AA (especially, the essential AAs) should have an
optimum concentration, and it is expected that beyond this concentration the plasma
concentration of this AA would accumulate until a certain point when the excess AA is
catabolized.
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Conclusion and perspectives
The ultimate task of swine nutritionists is to maximize muscle protein
biosynthesis rate via maintaining an optimal plasma AA profile through dietary AA
supplies. Comparing plasma AA concentrations with growth performance parameters of
pigs may help to elucidate metabolic mechanisms regarding regulation of overall AA
homeostasis, nutrient utilization for muscle growth, and cellular protein turnover as well.
Knowledge about plasma AA profile can offer useful means to predict AA availabilities
and limiting AA order in a diet, and to provide useful information about pig’s whole body
status of protein metabolism.
Lysine is first limiting essential AA in almost all practical swine diets; however,
the currently available information is still not enough to draw a clear conclusion about
complex relationship between dietary lysine supply and plasma AA profile. Thoroughly
understanding effect of dietary lysine on plasma AA profile can help animal nutritionists
develop novel nutritional strategies to manage swine plasma AA concentrations.
Therefore, further research is unquestionably needed to study how different amounts of
dietary AAs, individually (such as lysine) or in concert (such as lysine and arginine),
affect plasma concentrations of all AAs and related nutrient metabolites. Thus, overall
objective of this thesis is to study effect of dietary lysine on plasma AA and metabolite
profile of late stage finishing pigs.
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EFFECT OF DIETARY LYSINE ON BLOOD PLASMA FREE AMINO ACID
PROFILE OF LATE-STAGE FINISHING PIGS

Introduction
Primary goal of raising pigs is to grow skeletal muscle, major component of pork,
for human consumption. Previous research has shown that growth and development of
muscle essentially requires dietary supply of amino acids (AAs). There are about 20
different AA contained in diets that are commonly fed to pigs. Primary function of these
AA is to serve as building blocks for biosynthesis of animal body proteins, such as
muscle proteins, the largest AA reservoir in the body. Like many other body proteins,
muscle proteins are not a static tissue mass, but constantly go through a normal metabolic
process called protein turnover, i.e., old or unneeded proteins are degraded and new
proteins are de novo synthesized (Liao et al., 2015). Therefore, a constant supply of
sufficient AA to living cells from blood is a must to ensure positive protein turnover, i.e.,
rate of protein biosynthesis is greater than rate of protein degradation, so muscle mass
can increase.
A protein molecule is a polymer of AA residues joined together by peptide bonds,
and each protein has a unique linear AA sequence, which ensures fixed ratios of different
AA. For muscle protein biosynthesis to be maximum, various free AA must be available
simultaneously at the site of biosyntheses in certain ratios that match muscle protein AA
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composition (Christensen, 1964; Liao et al., 2015). If one required AA is unavailable,
protein synthesis will be halted, which will consequently lead to muscle protein
degradation to release unavailable AA for use, especially by those more important organs
such as brain and liver (Waterlow, 1969; Gustafson et al., 1986).
From the standpoint of nutrient metabolism, AA are directly and indirectly related
to each other within the overall metabolic pathways, and blood plasma free AA profile
reflects sum of metabolic flow of nutrients and their metabolites from all tissues and
organs (Christensen, 1964; Liao et al., 2015). Therefore, pigs’ plasma free AA profile,
which can be relatively easily monitored at various growth stages, can provide animal
nutritionists with an indication of AA metabolic status, a key index of body protein
turnover. Because plasma free AA are principally direct source of AA supply for muscle
protein biosynthesis, and plasma AA profile does not always parallel dietary AA profile,
knowledge of plasma AA profile is deemed more imperative than knowledge of dietary
AA profile. In many physiological circumstances, tissue uptake of free AA and their
further metabolism largely depend on concentrations of plasma free AA (Cynober et al.,
2002).
Dietary AA deficiency relative to animal AA requirements is usually overcome
either by increasing dietary crude protein content or by adding crystalline AA to diet.
Lysine is first limiting essential AA in typical cereal based swine diets, and it has been
reported that different amounts of dietary lysine can alter plasma AA concentrations
(Morrison et al., 1961; Yun et al., 1991; Zeng et al., 2013), which sequentially has a
series of interconnected consequences for swine health and productivity. Thus, there is a
pressing need to further study the effect of dietary lysine on plasma free AA profile in
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order to explore metabolic interactions between lysine and other AA and to find out an
optimal plasma AA profile for pig growth performance via the best combination and
supply of dietary AA. This study was conducted to investigate the effect of three critical
concentrations of dietary lysine on plasma concentrations of free AA in late-stage
finishing pigs.
Materials and methods
Animal trial procedures
Eighteen crossbred (Large White × Landrace) nursery pigs (9 barrows and 9 gilts;
average BW 20.5  0.9 kg) were purchased from a local commercial swine farm and
transferred to an environment controlled swine barn at the Leveck Animal Research
Center of Mississippi State University. After arrival, pigs were phase-fed same
commercial nursery and grow-finish diets until their BW reached 92.3  6.9 kg. During
this period, pigs were allowed ad-libitum access to feed and water. Pigs were then
randomly assigned into 18 individual feeding pens, and further randomly assigned to 3
dietary treatment groups according to a randomized complete block experimental design
with gender as block and pig as experimental unit (3 barrows and 3 gilts per treatment).
A corn and soybean meal based diet (Diet I; a lysine-deficient diet) was
formulated to meet or exceed the NRC (2012) recommended requirements for various
nutrients including crude protein but not lysine. Diet II (a lysine-adequate diet) and Diet
III (a lysine-excess diet) were formulated by adding L-Lysine Monohydrochloride
(98.5%; Archer Daniels Midland Co., Quincy, IL) to Diet I at expense of corn at the ratio
of 0.35% and 0.70%, respectively (Table 1). Calculated total lysine contents (as-fed
basis) in Diets I, II, and III were 0.43%, 0.71%, and 0.98%, respectively. To confirm the
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contents of major nutrients, samples of the three dietary treatments were submitted to the
Essig Animal Nutrition Laboratory at Mississippi State University for proximate analysis,
and Dr. Guoyao Wu’s laboratory at Texas A&M University (College Station, TX) for AA
analysis. Shown in Table 2 are analyzed compositions of various nutrients in the three
experimental diets.
Pigs were allowed ad libitum access to experimental diets and fresh water
throughout the trial which lasted for a total of four weeks. All pigs, feeders, and waterers
were checked 2 to 3 times on a daily basis (0600 to 1900 hr). Pigs’ BW were measured at
the beginning and end of the 4 week trial for calculation of average daily gain (ADG).
Daily feed intake of animals were recorded, unfortunately, due to immeasurable amount
of feed loss during feeding, we thought feed intake values may not be very accurate.
Therefore we have not included the parameters feed intake and feed gain ratio in this
study. All experimental protocols involving caring, handling, and treatment of pigs were
approved by Mississippi State University Institutional Animal Care and Use Committee.
Sample collection and laboratory analyses
Blood samples were collected in vacutainer tubes containing anticoagulant (i.e.,
EDTA) by venipuncture of jugular veins of pigs (approximately 10 mL/pig) between
06:00 am to 08:00 am, at the conclusion of the 4 week trial and removal of feed from all
feeders. Immediately after collection, blood samples were placed onto ice until plasma
was separated by centrifugation for 16 min at 800 × g and 4°C. Plasma samples were
stored in 200-L aliquots at -80°C until laboratory analysis of AA was conducted.
Concentrations of plasma free AA were determined using an ion-exchange highperformance liquid chromatography (HPLC) method (Wu, 1993; Liao et al., 2005).
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Briefly, after a pre-column derivatization of plasma AA with o-phthaldialdehyde, the
samples were separated on a Supelco 3-μm reversed-phase C18 column (4.6 × 150 mm,
i.d.) guarded by a Supelco 40-μm reversed-phase C18 column (4.6 × 50 mm, i.d.). HPLC
mobile phase consisted of solvent A (0.1 M sodium acetate/0.5% tetrahydrofuran/9%
methanol; pH 7.2) and solvent B (methanol), with a combined total flow rate of 1.1
mL/min. A gradient program with a total running time of 49 min was developed for
satisfactory separation of AA. Proline and cysteine were analyzed using two separate
methods (Wu et al., 1997; Wu and Meininger, 2008). All AA analyses were conducted in
Dr. Guoyao Wu’s laboratory at Texas A&M University.
Statistical analysis
The data were analyzed using the General Linear Model (GLM) Procedure of
SAS (version 9.3; SAS Institute Inc., Cary, NC) for two-way ANOVA with gender (the
block) and dietary lysine amount as two main effects and individual pigs as experiment
units. Means were separated with PDIFF (adjust = T) option as preplanned. Probability
values (P) less than 0.05 were considered as significant differences and P values between
0.05 and 0.10 were considered as tendencies. Because there was no effect of block or
block × lysine amount interaction detected for any of the parameters measured, only the
main effect of dietary lysine amount is presented for results described below.
Results
Effect of dietary lysine on the growth performance of finishing pigs is shown in
Table 3. There were no differences for initial BW of pigs among the 3 allotted treatment
groups. At the conclusion of experiment, final BW of pigs fed Diet II or III were more (P
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< 0.05) than that of pigs fed Diet I. However, there was no difference for final BW
between pigs fed Diets II and III. Average daily gain changed in the same manner as final
BW changed among dietary treatment groups. Average daily gain of pigs fed Diet II or
III was greater (P < 0.05) than that of pigs fed Diet I. However, there was no difference
for ADG between pigs fed Diets II and III.
Blood plasma free AA profiles of pigs fed Diets I, II, and III are shown in Table
4. From this table it can be seen that the concentration of aspartic acid was least (17.0 to
18.3 nmol/mL), whereas the concentration of glycine was the greatest (917 to 1,324
nmol/mL) in the blood plasma of the pigs. While the concentration of total non-lysine
essential AA (EAA) excluding lysine ranged from 841 to 1,132 nmol/mL, and
concentration of total non-essential AA (NEAA) ranged from 2,930 to 3,444 nmol/mL,
concentration of total AA (TAA) ranged from 4,153 to 4,668 nmol/mL. While plasma
concentrations of 11 AA, which are aspartic acid, β-alanine, cystine, glutamine,
methionine, ornithine, proline, serine, taurine, tryptophan, and tyrosine, were not
affected, plasma concentrations of 13 other AA, which are lysine, leucine, arginine,
histidine, citruline, threonine, valine, isoleucine, phenylalanine, alanine, glutamic acid,
glycine and asparagine were affected (P < 0.05) by dietary treatment, and so were
concentrations of total EAA, total NEAA, and TAA (Table 4).
As expected, change of plasma lysine concentration followed the same pattern as
that of the dietary lysine supply. Concentration of lysine of pigs fed Diet II was greater (P
< 0.05) than that of pigs fed Diet I, and the lysine concentration of pigs fed Diet III was
greater (P < 0.05) than that of pigs fed Diet II (Table 4). Plasma concentration of leucine
was not different between pigs fed Diets I and II and also between pigs fed Diets II and
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III. However, pigs fed Diet III had a greater (P < 0.05) plasma concentration of leucine
when compared to pigs fed Diet I.
The change of plasma concentrations of 5 EAA, histidine, phenylalanine,
isoleucine, threonine, and valine, as well as plasma concentrations of total EAA, followed
a different pattern than that of lysine or leucine. Plasma concentrations of these EAA of
pigs fed Diet II or III were less (P < 0.05) than that of pigs fed Diet I, and there were no
differences between pigs fed Diets II and III.
Plasma concentrations of 3 NEAA, alanine, glutamic acid, and glycine, as well as
plasma concentrations of total NEAA, of pigs fed Diet II or III were greater (P < 0.05)
when compared to pigs fed Diet I, with no difference found between pigs fed Diets II and
III (Table 4). However, change of plasma concentrations of arginine and citrulline
followed the same pattern as that of total EAA, but not that of total NEAA. There was no
difference between pigs fed Diets I and II for plasma concentration of asparagine (P =
0.44), asparagine concentration of pigs fed Diet III was greater (P < 0.05) than that of
pigs fed Diet I or II.
Although plasma concentrations of 2 EAA, methionine and tryptophan, and 9
NEAA, aspartic acid, β-alanine, cysteine (total), glutamine, ornithine, proline, serine,
tyrosine, and taurine, did not differ among the three treatment groups, alteration of
plasma concentration of TAA followed the same pattern as that of total NEAA (Table 4).
Discussion
Although dietary supply of AA is ultimate source of free AA in blood plasma of
pigs, all free AA are directly and indirectly related to each other within the overall
nutrient metabolic pathways and plasma concentrations of free AA reflect the state of
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dynamic metabolic flux of AA absorbed from intestine, stored in tissues and utilized by
tissues or organs within an animal body (Bongiovanni and Feinerman, 2003; Shikata et
al. 2007; Liao et al., 2015). Theoretically, dietary supply of lysine at different
concentrations will not only affect plasma concentration of lysine, but also plasma
concentrations of other AA. However, patterns of change in plasma concentrations of
these AA have not been thoroughly studied in the pig.
Results of this study demonstrated that plasma concentration of lysine increased
as dietary lysine increased from a deficient to an adequate amount, as well as from an
adequate to an excess amount. This pattern of increase was parallel with the pattern of
dietary lysine supply, indicating that capacity of small intestinal cationic AA transporters
is not a limiting factor for absorption of dietary lysine within the range of dietary
concentration up to approximately 1.0%. This result is similar to the findings of Braude et
al. (1974), Roy et al. (2000), and Zeng et al. (2013) in growing pigs and Chen et al.
(1978) in lactating sows. Lysine is known to be very conservative in terms of catabolism
(Liao et al., 2015) and its oxidation rate is relatively slow compared to oxidation rates of
other EAA (Yang et al., 1968; Yamashita et al., 1969; Chu and Hegsted, 1976; Blemings
et al., 1989). These metabolic characteristics of lysine may explain why plasma
concentration of lysine increased linearly with increased concentration of dietary lysine.
Plasma concentrations of 5 EAA, histidine, phenylalanine, isoleucine, threonine,
and valine, as well as plasma concentration of total EAA, were greater in lysine-deficient
group when compared to lysine-adequate or lysine-excess group, whereas no differences
were detected between the latter two groups. This pattern of change is in agreement with
the findings of Zimmerman and Scott (1965), who reported dietary lysine deficiency
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resulted with increased plasma concentrations of several AA, such as histidine,
phenylalanine, isoleucine, leucine, threonine, and tyrosine in chicks. Roy et al. (2000)
found that plasma concentrations of isoleucine, threonine, valine, and taurine were
greater in growing barrows fed lysine deficient diets. This pattern of change firmly
supports the limiting AA concept in swine nutrition, which states that if one EAA is
deficient in a diet, body protein synthesis will not continue beyond the amount of this
EAA, which is lysine in case of this study. When dietary amount of lysine increased from
deficient amount (as in Diet I) to adequate amount (as in Diet II), protein synthesis
continued until reaching amount of next limiting EAA, and this is why plasma
concentrations of aforementioned 5 EAA as well as total EAA were decreased in Diet II
pigs when compared with Diet I pigs. When dietary amount of lysine continued to
increase from adequate amount (as in Diet II) to excess amount (as in Diet III), plasma
concentrations of 5 EAA as well as total EAA did not continue to decline, indicating
protein synthesis could not continue beyond the amount of a second limiting AA, or body
tries to maintain homeostatic concentrations of these AA in the plasma.
The discussion above regarding alteration patterns of plasma concentrations of
lysine and other 5 EAA is firmly supported by alteration in ADG of these pigs fed three
diets. From Table 3 it can be observed that ADG of pigs increased as dietary lysine
increased from deficient to adequate amount, but no further increase observed when
dietary lysine increased from adequate to excess amount (Table 3). In theory, ADG
associated with lysine-excess diet could be increased if a greater concentration of 1 or 5
of these EAA in blood plasma could be achieved or the concentrations of these EAA
could be further reduced by body protein synthesis. Which EAA was the second or the
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next limiting AA is not totally clear based on the available data from this study, although
arginine, a conditionally essential AA, was decreased by greatest proportion in lysine
excess group, which means, it could be the first limiting AA, after lysine is provided in
adequate amount.
In mammals, although arginine can be synthesized by liver via hepatic urea cycle
and by a variety of non-hepatic, nitric-oxide-producing cells via arginine-citrulline cycle,
in adult pigs citrulline and arginine are mainly synthesized from glutamine, glutamate
and proline in the enterocyte mitochondria and citrulline released from the enterocytes
can be taken up primarily by kidneys from blood for synthesis of arginine (Wu and
Morris, 1998). Within these same cells, arginine can also be catabolized via multiple
pathways, and physiological roles and relationships between pathways of arginine
synthesis and catabolism in vivo are complex and difficult to analyze (Wu and Morris,
1998). As one of most versatile AA, arginine also serves as an important precursor for
protein synthesis. Although NRC (2012) stated that arginine is not an EAA because its
synthesis rate is adequate during late stage of growth, this study determined that after
lysine adequacy, arginine could be first limiting AA which might prevents or inhibits pigs
from further utilization of excess lysine for muscle protein synthesis.
Although plasma concentrations of 2 EAA, methionine and tryptophan, and 9
NEAA, aspartic acid, β-alanine, cysteine (total), glutamine, ornithine, proline, serine,
tyrosine and taurine, did not change in response to the change of dietary lysine amount,
plasma concentrations of 3 NEAA (alanine, glutamic acid, and glycine), as well as
plasma concentrations of total NEAA, were decreased (P < 0.05) in lysine-deficient
group when compared with lysine-adequate or lysine-excess group.
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A possible reason for decreased plasma concentrations of these 3 NEAA might be
because of the slower ADG associated with the lysine-deficient condition, in which rate
of muscle protein synthesis is limited and synthesizing more NEAA to function as protein
building blocks is not necessary for the body. The balanced AA supply (i.e., with the
lysine adequate diet) that might have triggered synthesis of more NEAA to make a
complete or balanced set of proteinogenic AA (including EAA and NEAA) for protein
synthesis. Further increase of dietary lysine from adequate to excess amount did not
further increase plasma concentrations of these 3 NEAA and total NEAA (Table 4). In
lysine-excess condition, although lysine was not a limiting AA, there might be a second
limiting AA as discussed above that made de novo synthesis of a complete set of
proteinogenic AA unnecessary.
These findings, however, are in disagreement with finding of Roy et al. (2000),
who did not observe any difference in plasma concentrations of aforementioned 4 NEAA
among three lysine amounts. Zeng et al. (2013) only observed a decrease in plasma
glutamic acid concentration with a lysine deficient, but not a lysine excess, diet fed to
growing pigs. Plasma concentrations of alanine, glutamic acid, and glycine were not
affected by the amount of dietary lysine in their experiment (Zeng et al., 2013). Why
plasma concentration of asparagine of pigs fed lysine-excess diet was greater than that of
pigs fed either lysine-deficiency or lysine-adequate diet is unknown.
Reason for discrepancies between our current study and these two previous
studies might be due to the pigs used, which were at different production stages. Earlystage growing pigs (BW ranging from 20 to 40 kg) were used by Roy et al. (2000) and
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Zeng et al. (2013), whereas late-stage finishing pigs (BW ranging from 90 to 130 kg)
were used in this study.
Conclusions
Dietary lysine affected plasma concentrations of 13 AA (7 EAA and 6 NEAA) of
late-stage finishing pigs in five distinct but explicable patterns. Plasma concentration of 7
AAs (histidine, phenylalanine, isoleucine, threonine, valine, arginine and citrulline)
decreased in lysine adequate and excess groups. Among these AAs, arginine was the AA
decreased by greatest proportion (not considering citrulline, which can be synthesized
from arginine). Based on this AA profile shift, we concluded ADG of late-stage finishing
pigs may be further increased with a lysine-excess diet if plasma concentrations of theses
AAs, primarily arginine, could be further lifted via practical nutritional management
strategies.
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Table 1

Composition of three corn and soybean meal based diets for the finishing
pigs1
Composition (%)
Ingredient
Corn

Diet I

Diet II

Diet III

90.844

90.494

90.144

Soybean meal

6.400

6.400

6.400

Canola oil

0.800

0.800

0.800

L-Lysine-HCl2

0.000

0.350

0.700

DL-Methionine3

0.040

0.040

0.040

L-Threonine2

0.090

0.090

0.090

L-Tryptophan4

0.035

0.035

0.035

Limestone

0.650

0.650

0.650

Dicalcium phosphate

0.900

0.900

0.900

Salt

0.200

0.200

0.200

Mineral premix5

0.033

0.033

0.033

Vitamin premix6

0.008

0.008

0.008

100.000

100.000

100.000

Total
1

As fed basis
L-Lysine-HCl (98.5%) and L-Threonine (98.5%) were donated by Archer Daniels
Midland Co., Quincy, IL).
3
DL-Methionine (99.0%; Rhodimet, NP 99) was donated by Adisseo USA Inc.
(Alpharetta, GA).
4
L-Tryptophan (99.0%) was donated by Ajinomoto Heartland, Inc. (Chicago, IL).
5
Swine Trace Mineral Mix (No. 85) was donated by Prestage Farms of Mississippi, Inc.
(West Point, MS) that contained 13.2% Ca, 1.0% Cu, 8.0% Fe, 5.0% Mn, 10.0% Zn, 500
ppm I, and 300 ppm Se.
6
Vitamin Premix for Market Swine was donated by Prestage Farms of Mississippi, Inc.
(West Point, MS) that contained per kilogram 22.05 million IU vitamin A, 3.31 million
IU vitamin D3, 66,138 IU vitamin E, 88 mg vitamin B12, 220 mg biotin, 8,818 mg
menadione, 15,432 mg riboflavin, 61,728 mg d-pantothenic acid, and 88,183 mg niacin.
2
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Table 2

Analyzed nutrient composition of the three corn-soybean based diets fed to
the finishing pigs1

Nutrient and energy

Diet I

Diet II

Diet III

Dry matter (%)

87.10

87.10

87.10

3,663.00

3,608.00

3,559.00

9.77

10.60

10.86

Lysine

0.42

0.70

1.01

Aspartic acid

0.98

0.97

0.98

Asparagine

0.74

0.75

0.75

Glutamic acid

1.01

1.03

1.03

Glutamine

1.42

1.44

1.43

Serine

0.53

0.52

0.54

Histidine

0.34

0.33

0.34

Glycine

0.61

0.62

0.62

Threonine

0.5

0.51

0.5

Arginine

0.73

0.74

0.74

Alanine

0.81

0.83

0.82

Tyrosine

0.52

0.52

0.53

Tryptophan

0.14

0.13

0.14

Methionine

0.25

0.25

0.26

Valine

0.65

0.66

0.65

Phenylalanine

0.66

0.65

0.66

Isoleucine

0.52

0.52

0.53

Leucine

1.42

1.44

1.45

Cysteine

0.26

0.26

0.3

Proline

1.08

1.07

1.09

Gross energy (kcal/kg)
Crude protein (%)
Individual Amino Acids (%)

1

As fed basis
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Table 3

Effect of different amounts of dietary lysine on the body weight gain
Diet1
I

II

III

SE2

P-value3

Initial BW (kg)

93.0

91.8

92.5

3.07

0.962

Final BW (kg)

120.8a

130.5b

130.6b

4.13

0.189

ADG (kg/day)

0.99a

1.38b

1.36b

0.06

0.004

Parameters

1

The total calculated lysine contents in Diets I, II, and III were 0.43, 0.71, and 0.98%,
respectively.
2
SE = standard error.
3
P-value was obtained from ANOVA F-test.
a,b
Means within a row that have a different superscript differ (P < 0.05 or 0.01).
n = 6 per treatment (3 gilts, 3 barrows)
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Table 4

Plasma concentrations of 24 amino acids of the pigs fed different amounts
of dietary lysine1
Diet I

Diet II

Diet III

SE3

P-value4

91.0a

317.6b

501.4c

42.5

<0.0001

Total EAA

1132.4b

861.6a

840.7a

44.5

0.0009

Leucine

179.4a

195.9a,b

200.1b

6.32

0.081

Histidine

124.1b

89.4a

88.3a

8.21

0.011

Phenylalanine

106.4b

56.6a

58.2a

11.3

0.010

Isoleucine

108.4b

77.1a

77.9a

5.32

0.001

Threonine

258.4b

149.7a

138.8a

11.2

<0.0001

Valine

209.1b

142.8a

144.6a

10.1

0.0004

Methionine

64.4

59.7

58.3

3.03

0.352

Tryptophan

82.1

90.2

74.6

6.12

0.231

Total NEAA

2929.5a

3444.0b

3325.5b

107.3

0.013

Amino acids
(nmol/mL)2
Lysine
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Table 4 (Continued)
Arginine

228.1b

185.5a

159.6a

13.3

0.008

Citrulline

102.2b

76.3a

63.1a

6.69

0.003

Alanine

400.9a

509.1b

509.8b

31.9

0.045

89.5a

128.6b

106.0b

12.3

0.113

917.4a

1324.0b

1308.4b

52.6

<0.0001

Asparagine

69.4a

78.3a

103.9b

7.98

0.021

Aspartic acid

17.0

18.1

18.3

1.87

0.869

β-Alanine

47.7

51.6

44.4

3.71

0.413

Cysteine, total

193.8

203.3

199.8

4.72

0.385

Glutamine

459.4

466.5

420.8

17.3

0.166

Ornithine

110.2

93.8

108.0

8.00

0.319

Proline

286.2

290.2

284.0

5.57

0.734

Serine

190.5

235.1

233.0

24.0

0.358

Taurine

189.1

174.8

147.8

15.2

0.185

Tyrosine

108.2

102.5

102.5

4.57

0.611

4152.9a

4623.2b

4667.6b

146.2

0.053

Glutamic acid
Glycine

Total AA
1

Calculated total lysine contents (as-fed basis) in Diets I, II, and III were 0.43, 0.71, and
0.98%, respectively.
2
EAA = essential amino acids, NEAA = non-essential amino acids, and AA = amino
acids. Total EAA included leucine, histidine, phenylalanine, isoleucine, threonine,
valine, methionine, and tryptophan. Total AA included lysine, total EAA, and total
NEAA.
3
SE = standard error.
4
Individual P-values were obtained from ANOVA F-test.
a,b
Means within a row that have a different superscript differ (P < 0.05).
n = 6 per treatment (3 gilts, 3 barrows)
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EFFECT OF DIETARY LYSINE ON SELECTED METABOLIC PARAMETERS OF
BLOOD PLASMA OF LATE-STAGE FINISHING PIGS

Introduction
Sustainable swine production with less wastage of dietary nutrients requires a
thorough understanding of nutrient metabolism. All nutrients, including amino acids
(AAs), are directly or indirectly associated with each other via a network of intermediary
metabolic pathways, and the metabolic profile of blood plasma reflects dynamics of
nutrient metabolism in response to dietary nutrient supply. Studying the alteration of
plasma metabolite profile following administration of a particular dietary nutrient can
help animal nutritionists understand physiological roles of that particular nutrient and its
interactions with other nutrients, and fine-tune the inclusion rates of that and other dietary
nutrients to finally improve feed efficiency.
Lysine, the first limiting AA in typical swine diets, plays very important roles in
exerting many metabolic and physiological functions for pigs (Liao et al., 2015). In the
experiments with growing and finishing pigs (Fuller et al., 1987; Roy et al., 2000;
Shelton et al., 2009), crystalline lysine supplementation increased nitrogen retention and
protein accretion, and improved animal growth performance. It has been shown that
dietary lysine affects plasma concentrations of some metabolites including albumin and
total protein (Yang et al., 2008; Kamalakar et al., 2009), urea nitrogen (PUN)
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(Fernandez-Figares et al. 2007; Zeng et al., 2013), glucose (Zhang et al., 2008), and
triglycerides and cholesterol (Bouyeh et al., 2011; Skiba, 2005). However, results from
these studies were not always consistent, and in many cases dietary concentrations of
other AAs were adjusted in different ratios to lysine based on the ideal protein model
(Baker et al., 1993; NRC, 2012). The ratio adjustment is necessary to apply the ideal
protein concept in swine feeding practice, but the adjustment makes it difficult to
attribute the observed effects on nutrient metabolism to dietary lysine only. Thus,
objective of this study was to study effect of lysine, which is the only variable in the diet,
on six selected metabolic parameters (albumin, total protein, triglyceride, total cholesterol
glucose and plasma urea nitrogen) of blood plasma of late-stage finishing pigs.
Materials and methods
Animal trial procedures
Eighteen crossbred (Large White × Landrace) finishing pigs (9 barrows and 9
gilts; average BW 20.5  0.9 kg) were purchased from a local commercial swine farm
and transferred to an environment controlled swine barn at the Leveck Animal Research
Center of Mississippi State University. After arrival, pigs were phase-fed same
commercial nursery and grow-finish diets until their BW reached 92.3  6.9 kg when the
feeding trial started. During this period, pigs were allowed ad-libitum access to feed and
water. Pigs were randomly assigned into 18 individual feeding pens, and further
randomly assigned to 3 dietary treatment groups according to a randomized complete
block experimental design with gender as block and pig as experimental unit (3 barrows
and 3 gilts per treatment)
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A corn and soybean meal based diet (Diet I; a lysine-deficient diet) was
formulated to meet or exceed NRC (2012) recommended requirements for various
nutrients including crude protein but not lysine. Diet II (a lysine-adequate diet) and Diet
III (a lysine-excess diet) were formulated by adding L-Lysine Monohydrochloride
(98.5%; Archer Daniels Midland Co., Quincy, IL) to Diet I at the expense of corn at
ratios of 0.35% and 0.70%, respectively (Table 1). Calculated total lysine contents (as-fed
basis) of Diets I, II, and III were 0.43%, 0.71%, and 0.98%, respectively. To confirm the
contents of major nutrients, samples of three diets were submitted to the Essig Animal
Nutrition Laboratory at Mississippi State University for proximate analysis, and Dr.
Guoyao Wu’s laboratory at Texas A&M University (College Station, TX) for AA
analysis. Shown in Table 2 are the analyzed compositions of selected nutrients in the
three experimental diets.
Pigs were allowed ad libitum access to experimental diets and fresh water
throughout the trial which lasted for a total of four weeks. All the pigs, feeders, and
waterers were checked 2 to 3 times on a daily basis (0600 to 1900 hr). The experimental
protocols involving caring, handling, and treatment of pigs were approved by Mississippi
State University Institutional Animal Care and Use Committee.
Sample collection and laboratory analyses
Blood samples were collected by venipuncture of jugular vein of individual pigs
(approximately 10 mL/pig) in the early morning at conclusion of the 4 week trial.
Leftover feeds were removed from all the feeders just before the blood collection. Blood
samples were kept on ice immediately after the collection until plasma was separated
within 30 minutes by centrifugation of blood samples for 16 min at 800 × g at 4°C.
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Plasma samples were stored in 500-L aliquots at -80°C until the analysis of nutrient
metabolites was conducted in laboratory.
Batch analysis using the automated ACE® Alera Clinical Chemistry System (Alfa
Wassermann, West Caldwell, NJ) was performed for determination of the six selected
plasma metabolites with six respective ACE reagents (Alfa Wassermann) at the College
of Veterinary Medicine Diagnostic Laboratory of Mississippi State University.
Determination of these six metabolites involved enzymatic reactions with appropriate
enzymes, followed by bichromatic measurements of respective reaction products at
different wavelength to determine concentration of each metabolite. Briefly, Glucose
assay was conducted using the hexokinase method (Henry, 1979). Plasma urine N
concentration was determined using the Urease-GLDH method (Tietz, 1995). The
cholesterol assay was conducted using a hydrolysis method involving cholesterol
esterase, cholesterol oxidase and peroxidase (Artiss et al., 1997). The triglyceride assay
was also conducted with an enzymatic method involving lipase, glycerol kinase, glycerol
phosphate oxidase and peroxidase (Kalia and Pundir, 2004). The assay of albumin
concentration involved specific binding of bromocresol green to albumin (Tietz, 1995).
Likewise, the assay of total protein involved reaction of cupric ions with peptide bonds
under alkaline conditions (Tietz, 1995).
Statistical analysis
The data were analyzed using the General Linear Model Procedure of SAS
(Version 9.3; SAS Institute Inc., Cary, NC) for two-way ANOVA with gender (block)
and dietary lysine amount as two main factors and individual pigs as experiment units.
Means were separated with the PDIFF (adjust = T) option as preplanned. Probability
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values less than 0.05 were considered as significant differences and the values between
0.05 and 0.10 were considered as tendencies. Because there was no effect of block or
block × lysine interaction detected for any of the parameters measured, only the main
effect of dietary lysine concentration was presented in section of “results and discussion”
described below.
Results and discussion
Plasma urea nitrogen
While there was no difference in concentration of PUN between the pigs fed Diets
II and III (P = 0.20), PUN concentration of these pigs was less (P < 0.05) than those fed
Diet I (Table 5). This result is consistent with the findings of Goodband et al. (1990),
Fernandez-Figares et al. (2007), Jin et al. (2010) and Zeng et al. (2013), who reported
decreased PUN concentrations with increasing amounts of dietary lysine up to the
amount of dietary requirement. Protein synthesis requires a complete set of AAs
presented at the synthesis site simultaneously, and when the first limiting AA is used up,
protein synthesis stops and the remaining free or unbound AAs are catabolized (NRC,
2012; Liao et al., 2015). Ammonia thus produced from AA catabolism is further
converted into urea in liver and then transported via blood circulation into kidney for
filtration and excretion. Eggum (1970) reported that PUN concentration was greatly and
inversely correlated with net utilization of dietary protein. If a diet is deficient or
imbalanced even for one AA relative to the requirement for protein synthesis, utilization
of other AAs will be limited. Thus, PUN concentration is a useful indicator of AA
utilization by animal (Chen et al., 1999), and it can help to identify dietary AA imbalance
as well.
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Optimal amounts of dietary AA ensure maximal protein synthesis, minimal AA
catabolism, thus the least PUN concentration. Data of this study show that PUN
concentration was greater (P < 0.05) for lysine-deficient group than for lysine-adequate
or lysine-excess group, which makes sense because in lysine-deficient group lysine was
the first limiting AA, and after lysine was exhausted all other “extra” AAs were
catabolized. Our data also show that there was no significant difference in the PUN
concentrations between the lysine-adequate and lysine-excess groups, which also makes
sense because for the lysine-excess group only lysine was the excess AA, whose
catabolism did not make significant change in PUN concentration.
Plasma albumin and total protein
While there was no difference between pigs fed Diets II and III in the plasma
concentration of albumin (P = 0.51), the albumin concentration in these pigs was greater
(P < 0.05) than those fed Diet I (Table 5). Plasma albumin accounts for 60% of the total
plasma proteins (Shen et al., 2004), and is a major contributor for maintaining plasma
osmotic pressure to assist with transporting lipids and steroid hormones (Matejtschuk et
al., 2000). The plasma albumin concentration is a good indicator of the protein synthesis
capacity of the liver (Mahdavi et al., 2012) as well as of the effectiveness of dietary
protein utilization (Lowrey et al., 1962). It was reported that dietary protein deficiency
reduced plasma albumin concentration (Wykes et al., 1996), whereas hyperalbuminemia
was associated with increased protein diets (Mutlu et al., 2006). In this present study, the
greater plasma albumin concentration associated with the pigs fed the lysine-adequate or
lysine-excess diet indicated that the pigs utilized AAs more efficiently for plasma protein
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synthesis. This finding also confirms the recognition of albumin as a sensitive indicator
of dietary protein utilization by the pig (Lowrey et al., 1962).
There was no significant difference (P > 0.14) among the three dietary treatments
for plasma concentrations of total protein (Table 5), indicating that the amounts of dietary
lysine did not affect the total protein content in plasma. However, contrasting results
were obtained previously. Decreased dietary lysine amounts caused decreased plasma
concentration of total protein, and the plasma total protein concentration increased with
increasing dietary lysine amounts (Cahilly et al., 1963; Zeng et al., 2013; Yang et al.,
2008; Kamalakar et al., 2009; Whisenhunt and Carter, 2000). One of the initial
hypotheses of this study was that the adequacy of dietary lysine might increase protein
synthesis and thus increase the amount of plasma total protein. However, the unchanged
plasma concentration of total protein but increased BW gain (Regmi, 2015) resulting
from the lysine-adequate diet indicate a homeostatic balance of plasma total protein and a
preferential utilization of AA for syntheses of albumin and muscle proteins (Wang et al.,
2015).
Plasma glucose
There was no significant difference (P > 0.27) for the plasma concentration of
glucose among the three dietary treatments (Table 5), indicating that the amounts of
dietary lysine had no influence on glucose metabolism. This finding is in agreement with
the findings of Kamalakar et al. (2009), Zhang et al. (2008), and Zeng et al. (2013) who
found that dietary lysine amounts did not affect the plasma concentrations of glucose.
The reason for the same concentration of glucose concentration of pigs fed 3 different
amounts of dietary lysine might be that the same amount of metabolizable energy was
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provided with all dietary treatments, thus the energy requirements of the pigs were met,
and thus the plasma concentration of glucose was not affected by the dietary lysine
concentration.
In contrast, Mule et al. (2006) reported that finishing pigs fed an increased AA
concentration diet had decreased serum glucose concentration than those fed a less AA
concentration diet. They speculated that the alteration could be due to the decreased
amount of carbohydrates in the increased AA concentration diet. However, this
speculation contradicts the fact there was no difference in total ME of those two diets,
which should have maintained the constancy of plasma glucose concentration in pigs fed
those two diets (Zeng et al., 2013). The reason for the result discrepancy between Mule et
al. (2006) and this present study might be due to the difference in crude protein content.
In our study the crude protein or the total AA concentrations were almost the same
among three diets (Table 2). However, the crude protein contents for the two corn and
soybean meal based diets fed to finishing pigs by Mule et al. (2006) were 13.7 versus
17.8% (as fed basis).
Plasma triglycerides and cholesterol
There was no difference (P > 0.50) in the plasma concentration of triglycerides
among the three dietary treatments (Table 5), indicating the concentrations of dietary
lysine had no influence on triglyceride metabolism. This finding is in agreement with the
findings of Kamalakar et al. (2009) and Zeng et al. (2013), who reported that the dietary
amounts of lysine did not affect the concentrations of triglycerides. Schmeisser et al.
(1983), however, previously found, in chicks (8 to 16 days post-hatching), that excess
dietary lysine caused hyperlipidemia, especially, an increase of plasma triglyceride. The
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discrepancy between our result and that of Schmeisser et al. (1983) may be due to the
differences between birds and mammals in AA and lipid metabolism and also the stage of
production.
While there was no difference between the pigs fed Diets II and III for plasma
concentration of total cholesterol (P = 0.51), concentration of total cholesterol in these
pigs was less (P < 0.05) than in those fed Diet I (Table 5). This finding is in agreement
with the findings of Skiba (2005) who reported that the plasma concentration of
cholesterol was greater with the lysine deficient than with the lysine adequate or excess
diet. Before that, a hypercholesterolemic effect of dietary protein restriction had been
shown by Pond et al. (1986). Also, Serougne et al. (1983) reported that dietary supply of
lysine decreased plasma cholesterol concentration in rats. The exact mechanism for the
increased plasma concentration of total cholesterol from lysine deficient diets is
unknown. However, plasma albumin has been shown to act as a vehicle to transport
cholesterol in and out of cells (Sankaranarayanan et al., 2013). In this present study, the
plasma albumin concentration was greater for the lysine-adequate and lysine-excess
group (Table 5), which might have played a role in transporting cholesterol into cells and
decreasing the plasma concentration of cholesterol of the pigs. Furthermore, Sanchez et
al. (1991) speculated that the dietary AAs affect the plasma AA concentration, which in
turn affect the plasma insulin and glucagon concentrations and these hormones further
regulate the concentration of plasma cholesterol. However, this may not be the reason for
alteration of plasma cholesterol concentration in this study because there was no
difference among the three dietary treatments in the plasma glucose concentrations
(Table 5).
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Conclusions
Six selected plasma metabolic parameters related to nutrient (especially AA)
metabolism were studied in late-stage finishing pigs fed lysine-deficient, -adequate, and excess diets. The lysine-adequate and -excess diets resulted in decreased PUN and
increased albumin concentrations. Although the plasma concentrations of glucose,
triglycerides, and total protein were not altered by the dietary lysine content, the plasma
cholesterol concentration was reduced by the increased dietary lysine concentration.
These results indicated that the plasma metabolite profile can be affected by changing
dietary lysine content alone. Thorough understanding how the plasma metabolite profile
is altered by dietary lysine will facilitate the nutrient management for more sustainable
swine production.
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Table 5

Effect of dietary lysine content on concentrations of selected plasma
metabolites of finishing pigs1
Diet1
I

II

III

SE

P-value2

PUN (mg/dL)

15.0b

8.0a

10.0a

1.14

0.003

Albumin (g/dL)

3.38a

4.28b

4.17b

0.12

0.0004

Total Protein (g/dL)

5.68

5.87

6.08

0.19

0.370

Glucose (mg/dL)

90.5

94.2

90.5

2.11

0.393

TAG (mg/dL)

34.8

31.3

29.3

4.98

0.737

111.7b

95.7a

90.8a

5.00

0.030

Metabolites

Total Cholesterol (mg/dL)

Note: 1Each value represents a mean calculated from 6 individually penned pigs for each
dietary treatment. SE = standard error, PUN = plasma urea nitrogen, and TAG =
triglycerides.
2
Individual P-values were obtained from ANOVA F-test.
ab
Means within a row that have a different superscript letter differ (P < 0.05).
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GENERAL DISCUSSION, CONCLUSIONS AND PERSPECTIVES

General discussion
Lysine interacts with other AAs for absorption, utilization and metabolism
(Morrison et al., 1961; Yun et al., 1991; Zeng et al., 2013). Thus it is understandable that
different amounts of lysine may influence the concentrations of other AAs and nutrient
metabolites in blood plasma. Cellular protein synthesis requires a complete set of AAs at
the site, and thus a dietary deficiency of one AA will influence utilization and
metabolism of other AAs in the body (Liao et al., 2015). Greater concentration of most
EAA in the lysine-deficient group (Table 4) may be because of inadequate utilization of
those AAs for protein synthesis. Likewise, the decrease in concentrations of most EAA,
as well as total EAA, in the lysine-adequate group (Table 4) may be because of adequate
utilization of these AAs for protein synthesis. This statement is supported by the decrease
of PUN concentration in the lysine-adequate group (Table 5). Maximal utilization of AAs
for protein synthesis in the lysine-adequate group insured the least AA catabolism,
resulting in a decreased concentration of PUN (Table 5). In addition, more efficient
protein synthesis in the lysine-adequate group is supported by the findings of a greater
concentration of albumin as well as increased ADG, compared to the lysine-deficient
group (Table 5). Protein synthesis as well as ADG in lysine-excess group was not
improved when compared to lysine-adequate group, which may indicate another AA
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became the limiting AA in the lysine-excess group. Dietary lysine affected the
concentrations of not only EAAs, but also NEAAs (Table 4), which might have
contributed to the altered concentrations of nutrient metabolites in plasma (Table 5), as
well as the growth performance (i.e., ADG; Table 3).
Among the AAs that changed in blood plasma of pigs because of the amount of
dietary lysine, arginine was found to be numerically decreased most noticeably, and also
citrulline (Table 4) that can be used for synthesis of arginine in finishing pigs (Wu and
Morris, 1998). This negative relationship between lysine and arginine has been
extensively studied in several animal species, and there are several contributing factors in
this lysine-arginine antagonism: (1) the competitive inhibition of arginine absorption
from intestinal lumen (Harper et al., 1970; Kamin et al., 1952; Larsen et al., 1964) and
reabsorption from kidney tubules (Jones et al., 1967; Nesheim, 1968; Boorman, 1971; (2)
induction of kidney arginase (Austic and Nesheim, 1970; Robbins and Baker, 1981); and
(3) inhibition of liver transaminase (Austic and Nesheim, 1971). These may explain why
the lysine-excess diet decreased availability of free arginine in blood plasma of finishing
pigs, and this decrease could have limited further improvement in ADG of finishing pigs.
AAs enter glycolysis and citric acid cycle (intermediary metabolic pathway)
through six possible stages (Voet et al., 2006; Stryer, 1995), thus plasma concentrations
of free AAs may affect overall outcomes of this pathway. For example, lysine enters this
pathway through acetyl-CoA stage. Thus, concentration of free lysine affects the rate of
lysine breakdown and entry of it into acetyl-CoA stage, which may spare plasma glucose
from glycolysis, increasing plasma glucose concentration. Acetyl-CoA is also the basic
unit for synthesis of lipid and cholesterol (Berg et al., 2002; Chang and Goldberg, 1978;
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Kersten, 2001). Thus, lysine concentration might also have effect on concentration of
these two metabolites in the plasma. From results of this study, dietary lysine had an
effect on plasma concentrations of total cholesterol, but not glucose and TAG (Table 5).
We explained in Chapter III that no differences among the three dietary treatments in
plasma concentrations of glucose and TAG were because all three diets provided the
same level of GE or ME (Tables 1 and 2). However, how the concentrations of dietary or
plasma lysine indirectly affect plasma concentration of total cholesterol warrants further
investigation.
Change of blood plasma metabolite profiles should be good indicators for the
pig’s production performance, including parameters such as growth rate and carcass or
meat quality. One parameter, plasma concentration of albumin, has been shown to be an
efficient indicator of AA utilization (Lowrey et al., 1962; Mahdavi et al., 2012). In this
study, when dietary lysine was increased from deficient to adequate level, there was an
increase in plasma albumin concentration but decreases in plasma EAA concentration of
the pigs (Tables 5 and 4), which indicated that the most of the plasma free EAA were
utilized by pigs for increased ADG (Table 3). Decreased PUN is another indicator of
optimal utilization of plasma free AAs for protein synthesis in the lysine-adequate group,
which is supported by Eggum (1970), who reported the PUN concentration was inversely
correlated with net utilization of dietary protein. We consider this increase in protein
synthesis could result in increased lean muscle growth of pigs. Another parameter, the
plasma total cholesterol, may serve as an indicator of meat quality in respect to human
nutrition concerns. Decrease in plasma cholesterol concentration in lysine-adequate and excess diets may result in hypocholesterolemic pork, which could be a significant
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achievement in terms of pork quality and human nutrition. However, further research is
needed to verify this statement.
Overall conclusions
From alteration of plasma AA and metabolite concentrations, we can conclude
that dietary lysine alone can significantly affect plasma AA and nutrient metabolite
profiles. Concentrations of at least 13 AAs and 3 metabolites were affected by dietary
lysine, and among the 7 AAs (threonine, valine, isoleucine, histidine, phenylalanine,
arginine, and citrulline), whose concentrations were not further decreased in lysineexcess group when compared to lysine-adequate group, arginine may be the first limiting
AA for further muscle protein synthesis, because arginine concentration was numerically
decreased by the greatest proportion.
Dietary lysine may also affect pork quality for human consumption, which is
suggested by the alteration of plasma concentration of total cholesterol because plasma
cholesterol could be positively associated with muscle cholesterol deposition. Dietary
adequacy of lysine may have maximized plasma AA utilization and muscle protein
biosynthesis, proven by alterations of plasma AA profile, plasma albumin and PUN
concentrations, and increased ADG. These metabolic changes by dietary lysine could
further affect meat quality and carcass characteristics of pigs.
Future research perspectives
Based on the alteration of plasma AA and metabolite profiles due to dietary
lysine, we can hypothesize that these alterations might be associated with production
performances, carcass and meat characteristics. Further studies of the relationships
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between plasma AA and metabolite data with carcass and meat qualities are required to
verify our hypothesis. The alteration of plasma AA concentrations observed in this study
indicated that arginine could be the first limiting AA in pigs fed lysine excess diets for
further muscle growth and a greater ADG of the animal. Designing experiments with
combination of different amounts of lysine and arginine would be worthwhile to see how
increasing dietary arginine promotes protein synthesis and muscle growth in pigs fed
lysine excess diets.
Previous investigations have shown that animal muscle accretion is regulated by a
complex network of cell signaling pathways that sense and compute local and systemic
signals, and then control rate and quantity of protein deposition (Davis et al., 2010;
Suryawan et al., 2012). However, which signaling pathway(s) are triggered by dietary
lysine is still not clear (Yao et al., 2008; Sato et al., 2014). Increasing our understanding
of molecular mechanism by which lysine regulates muscle growth of pigs could
eventually lead to development of innovative nutritional strategies to enhance swine
production, so the mechanisms of dietary lysine regulation of muscle growth at the
molecular level is also worthwhile to explore. The relationships among growth
performance, blood metabolite concentrations, and muscle gene expression levels in pigs
may also need to be determined. Furthermore, plasma AA and metabolite studies along
with carcass quality and gene expression experiments in other production stages of pigs
may need to be conducted to observe any differences among various production stage of
pigs to get a comprehensive picture of dietary lysine effects on pig muscle growth.
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